Using accurate DFT calculations we have examined the role that Compound I of cytochrome P450 plays as a catalyst in the conversion of theophylline to 1-methylxanthine. This reaction proceeds in two steps according to the characteristics of the oxygen rebound mechanism. In this study we found that the activation energy for the transition state corresponding to the abstraction of the H atom at the C13 in theophylline is 9.3 kcal/mol. This H atom abstraction is the rate-determining step in this reaction which takes place via a single electron transfer (SET) mechanism and leads to an intermediate containing theophylline cationic and iron-hydroxo species. The rebounding step between the reaction intermediate and the product alcohol complex is a barrierless step. The alcohol complex is then separated from the heme moiety and yields 1-methylxanthine by intramolecular rearrangement.
Introduction
Theophylline, an alkaloid compound usually found in beverages like tea and coffee, is a xanthine derivative methylated at the N-1 and N-3 positions. As a drug it has a prominent place in the treatment of asthma, and it was also found that it inhibits the progression of neuroendocrine lung carcinogenesis in hamsters with hyperoxic lung injury. 1) Upon oxidation by hepatic microsomal oxidases, theophylline is N-demethylated at both tertiary amine nitrogens and is also hydroxylated at the C-8 position. Demethylations at N-1 and N-3 and hydroxylation lead to 3-methylxanthine, 1-methylxanthine and 1,3-dimethyluric acids respectively. Further hydroxylation of 1-methylxanthine produces 1-methyluric acid ( Fig. 1, (5) ). Two enzymes play a critical role in the production of these theophylline metabolites: CYP1A2 and CYP2E1. The hepatic microsomal CYP1A2 catalyzes specifically the demethylation. Moreover, CYP1A2 also catalyzes O-deethylation of phenacetin as well as Nhydroxylation of arylamines found in cigarette smoke, charcoal-broiled meats, agricultural products and airborne pollutants.
2) On the other hand, CYP2E1 catalyzes the hydroxylation. CYP2E1 is a cytochrome P450 expressed at moderate levels in liver (7%) and is also found in the brain and lungs. It metabolizes a number of small hydrophobic substrates, many of which are therapeutics as well as cytotoxic and carcinogenic agents. 3) Cytochrome P50 enzymes are ubiquitously distributed in living organisms and play vital roles in the hydroxylation of endogenous, physiological substrates as well as a wide range of xenobiotics. 4) It has been reported that the rate determining step in this catalytic cycle is the protonation of the distal ferric iron-proxo complex to yield the iron-hydroproxo species. Detailed analysis of this step considering its energetic profile indicates that this iron-hydroxo complex is converted to an ironoxo species by a second protonation process. This ironoxo species interacts directly with the substrate. Moreover, the ironoxo species, called compound I and which can be regarded both as Fe IV =O(Por þ ) or Fe V =O(Por) (where Por stands for the porphyrin ring) 4) is the compound with the most plausible source of oxygen among enzymes in the P450 family. The generally accepted mechanism for hydrocarbon N-demethylation by P450 involves the initial H atom abstraction from a C-H group in the substrate, followed by the recombination of the resultant radical species to form the hydroxylated product. 5, 6) In N-dealkylation reactions two mechanisms are observed experimentally: 7) i) a formal hydroxylation of a C-H bond on the carbon adjacent to the heteroatom (H-atom transfer ''HAT'') and ii) a one electron oxidation of the heteroatom itself (single-electron transfer ''SET''). Both of these mechanisms have been the target of an ongoing debate among several authors. 8, 9) The HAT mechanism is supported by the identification of carbinolamines in the N-dealkylation of particular substrates and by the fact that their oxygen atom originates from molecular oxygen. [10] [11] [12] On the other hand the SET mechanism, supported by the majority of authors 8, 13) may also involve the formation of a carbinolamine resulting from the nucleophilic addition of the hydroxo ligand of Fe III OH onto the iminium intermediate within the active site of the enzyme.
Within this framework, in this paper we use theophylline as the substrate and we show by means of DFT calculations that the N3-demethylation of theophylline by compound I of CYP1A2 proceeds via a SET mechanism. Moreover, we present new aspects of this enzymatic reaction, and show in particular how a C-H bond in the substrate can be activated and dissociated taking into consideration the energetics of the system.
Calculation Model and Methodology
The system model for the proposed calculations is composed of the six-coordinate complex Fe
1À as the model compound for P450 and theophylline as substrate. The position and orientation of the substrate towards the heme group was selected on the criteria that the metabolic site must be directed towards the free heme free heme pyrrole A. 3, 14) The total charge of the initial reacting system is neutral. Moreover, the calculations described were performed using the DMol3 program suite implemented within the Materials Studio software ver. 2.2. Firstly we performed calculations to study the reaction of theophylline with the model of compound I and we evaluated the hydroxylation of theophylline which is the initial stage of N-demethylation. We calculated the energies and geometries of the reactants, intermediates, product and transition states at the double spin state using the local density approximation (LDA) and the Vosko-Wilk-Nusair (VWN) local functional. 15) The energies were then refined by single-point calculations with the gradient-corrected functional using a generalized gradient approximation (GGA) with Perdew and Wang functional PW91. 16) Computations for all models were performed using the double numerical plus (DNP) basis set. 17) Reaction energies were computed following the equation: ÁE react ¼ E product À E reactant , where ÁE react is the binding energy difference of products and reactants for the corresponding reaction, E reactant and E product are the energy of reactants and products respectively. The visualizing module of the Cerius package was used to display and analyze the molecular models. To perform transition state (TS) calculations in DMol 3 we used both the TS search and the TS optimization techniques. 18, 19) In the TS search we used the synchronous transit methods to interpolate a reaction pathway and find a transition state starting from the reactant and product structures. The calculations were performed using complete linear and quadratic synchronous transit (LST/QST) scheme which begins by performing the LST optimization calculation and then the TS approximation obtained in this way is used to perform the QST maximization. Then a further conjugate gradient minimization is performed. We repeated the cycle until a stationary point is located on the number of allowed QST steps or until the allowed QST steps are exhausted. This is more accurate than other methodologies. The structure obtained by TS search was used for TS optimization. The TS optimization is performed by a Newton-Raphson search on the potential energy surface. Figure 2 shows the general diagram of the calculations performed through all the reaction process from reactants to products. It shows the optimized geometries for the structures for all the reaction intermediates including the transition state species required for the conversion of theophylline to 3-(hydroxymethyl)-1-methyl-3,7-dihydro-1H-purine-2,6-dione by compound I. The computed atomic charges and spin densities for these reaction species are listed in Table 1 .
Results and Discussion

Reactant complex
Observation of the spin density distribution shown in Table 1 reveals that the Fe=O moiety of compound I has two unpaired parallel spin electrons. These are weakly coupled with a spin unit located on the thiolate ligand and partially located on the porphyrin ring. Although the electronic structure of compound I with thiolate ligand is an issue undergoing debate, our results support the findings of Trautwein et al., who, based on DFT X calculations report that significant spin density is located on the sulfur atom of the CH 3 -S ligand instead of the porphyrin ring. 20) Our results reproduce this trend which is also evident from the calculations performed by Yoshizawa et al. who used DFT calculations at the B3LYP level. 4) At the initial stage of the reaction theophylline comes into contact with compound I to form a kind of encounter complex. This apparently small binding energy for the complex can be attributed to the absence of the protein environment, which plays a critical role in the stability of the substrates. Figure 3 shows the interaction interface between theophylline and the heme group. It can be clearly observed that C13 of theophylline is oriented towards the iron atom of the heme group and within a short distance from the oxygen atom of compound I, the closest atom to this oxygen being H. If the protein environment surrounding the heme group enables this positioning of the substrate then the selective abstraction of the H atom bound to C13 would occur easily resulting in the conversion of theophylline to hydroxylated theophylline. Figure 4 illustrates the TS species in the reaction of H atom abstraction at the C13 atom of theophylline. The compound is characterized by a O-H bond distance of 1.03 Å and a C-H bond length of 1.37 Å . These bond distances as well as the linear arrangement of the C-H-O moiety are typical features in the C-H activation process by various Fe=O species. The activation energy is about 9.88 kcal/mol. Interactions of the active site model with the protein are not taken into account, and this environmental effect may have an impact on the relative energies and the charge (spin) distribution. Shaik et al. reported from QM/MM calculations that the inclusion of hydrogen bonds to the axial ligand transforms the electronic structure of compound I from a sulfur-centered radical to a porphyrin centered radical cation. 21) They have shown that the FeO unit remains with a spin density of about 2.0 even if its electronic structure is changed in a fashion similar to the compound I treated here (see Table 1 ).
C-H Bond activation process
Since the reactivity of compound I is likely to depend on the radical character of the FeO unit, the activation energy for the H atom abstraction is expected to be almost unchanged. Further support for the process of H atom abstraction proposed here is gained considering the most putative vibrational modes for the molecule. As shown in Fig. 5(a) putative vibrational mode with respect to the TS (680.02 i cm À1 ) includes the motion of the O-H group back and forth the perpendicular plane to the FeO moiety. This motion triggers the association of the cationic species to the iron-oxy species and thus becomes the dominant effect of this vibrational mode.
The hydrogen transfer
The TS obtained by the above described effect leads subsequently to the formation of an intermediate complex where the iron-hydroxo species and the theophylline cation are weakly bound by the interaction of the hydroxo group and the C13 atom. The distance between the hydroxyl group oxygen atom and the C13 atom is 2.72 Å as shown in Fig. 6 . At this stage, the spin density at the oxyferryl oxygen decreases to half its original value while the spin densities at theophylline C13 atom is (0) in both the TS species and the intermediate structure Table 2 . Therefore the hemolytic cleavage of the C-H bond as the mechanism of hydrogen abstraction can be ruled out. Thus, the reaction proceeds through charge transfers from theophylline to the oxygen atom. This charge transfer contributes in the shortening of the distance between C13 and N3 to 1.35 Å (i.e. a double C=N bond is formed). This N=C double bond cation formed corresponds to the iminium structure observed in the experimental mechanism. 7) Finally this metastable structure is rebound through the oxygen of the iron-hydroxy species to the C13 atom of the theophylline in a barrierless step, yielding hydroxylated theophylline complex by a left hand rotation of the O-H around the axis of the Fe-O moiety. This hydroxylated theophylline (3-(hydroxymethyl)-1-methyl-3,7-dihydro-1H-purine-2,6-dione) is supposed to convert to 1-methylxanthine through intra-molecular rearrangement as shown in the Fig. 7 , since formation of the formaldehyde sub-product was observed. 22, 23) 
Conclusion
We have studied the hydroxylation of theophylline by a model compound of cytochrome P450, the rate controlling step in the process leading to its N-demethylation. Our calculations have shown that the hydroxylation of theophylline takes place via hydrogen abstraction. The most probable pathway for the hydrogen abstraction involves a single electron transfer (SET) mechanism, the activation energy for the transition structure being 9.3 kacl/mol in the doublet state. This transition state leads to the reaction intermediate involving a theophylline cationic species and the ironhydroxo species. The iron-hydroxy species is finally rebound to the theophylline cation yielding the hydroxylated theophylline complex, which is a barrierless step. The energy gained by the system is about 56.45 kcal/mol. This hydroxylated theophylline is supposed to convert to 1-methylxanthine through intra-molecular rearrangement. Since this is the reaction leads to the formation of formaldehyde, one of the relevant sub-products of this metabolic reaction observed experimentally.
